Abstract-If not well designed, high voltage composite insulators are prone to ageing and failure due to corona and electric field stress. Particular care is required designing areas where the metal end connections meet the insulator core, otherwise a large electric field enhancement is observed. It is difficult to completely eradicate corona on any insulator, thus manufacturers try and minimise this phenomenon by designing the assembly to increase the corona inception voltage across the end connections and other metallic components. Often this involves introduction of corona rings, especially at the high voltage end of the composite insulator, to manage the magnitude of the electric field. The use of FEA to design corona/grading rings and optimise their position has recently been of great interest. The present paper reviews the use of FEA simulation to design stress relief devices across the high voltage end of a composite insulating cross-arm. Design work has been realised in practice and verified using corona inception measurements and compared to previous FEA results.
INTRODUCTION
The satisfactory operation of a high voltage insulator is based on effective minimization of the electric field stress across its entire length, especially around metallic fittings and triple junctions. High electric fields can give rise to discharges, such as corona, which could damage the sheds over prolonged periods of operation. This is the case in composite insulators with polymeric surfaces. Manufacturers of composite string insulators use stress relief devices, such as grading rings to minimize corona related damage.
The design and optimization of corona rings is now mostly carried out using FEA techniques. Examples of such can be seen in [1, 2] . Electrostatic analysis using FEA methods allows the developer/designer to engineer different models and variations in the design before high voltage testing, thus saving time and money as the need to manufacture several working prototypes is eradicated. The present paper will look into the use of FEA methods in designing grading rings for a composite cross arm. This design has been manufactured and tested in the National Grid High Voltage Lab to see if the results match those predicted by FEA methods.
Figure 1 Cross-arm installed on existing pylons
Error! Reference source not found. shows what the installation of a single cross-arm on an existing pylon looks like. In practice all six metallic cross-arms and suspension insulators would normally be replaced to enable, increased conductor sag and higher power flow [ref] . There is also an ongoing electrical testing of the cross-arms on a coastal trial facility [3] . Figure 2 shows a 400 kV cross-arm in the laboratory. The cross-arm comprises of two types of insulator strings, each serving different mechanical purposes. The horizontal, thicker insulator strings on the bottom of the cross-arm serve as the compression members whilst the top diagonal insulator strings serve as tension members. The four arms are connected at the high voltage end, to a bespoke nose-cone. 
II. CROSS-ARM NOSE AND ELECTRIC FIELD MANAGEMENT
The authors have previously presented the electric field analysis of the cross arm in [4] . The paper highlighted the use of FEA analysis in analyzing the electric field stress in view of satisfying the electric stress management criteria [4] .
Since the publication of [4] , the design of the cross arm design has evolved, primarily in terms of the end connections and the nose cone. This paper focuses on the high electric field stress at the end connections and the updated nose design. With respect to simulating the cross arm, the present paper will highlight the FEA electrostatic simulation on the nose cone, end connections, four of the sheds on the insulator core, and the design of the grading ring. This has been done in accordance to the results found in [4] . After the first half meter of the cross-arm the field reaches a relatively constant field, so that and any changes on the nose cone will not affect the field so far down the cross-arm. Figure 3 shows the end-connection design of the cross-arm and the model that has been built with the FEA package for electric field analysis. The metallic objects within this design include the nose cone and the end connectors (the connection between the insulator core and the nose).
Figure 3 Nose cone Design for Composite Cross-arm
With respect to material degradation the triple junctions and areas where the end connections meet the insulating surfaces are areas prone to ageing due to high electric fields. Thus it is crucial to manage the fields in these sensitive areas. A simulation of the above model within the FEA electrostatic package reveals the high field stress at the nose and near the end connections. All results are presented in kV/cm. Figure 5 and Figure 6 show the electric field enhancement at the tip of the nose and at the end connections when the cross-arm is energized at 320 kV (peak). The field plots described are two dimensional patches cutting through the geometry at areas likely to be corona hotspots. If the corona inception field is considered to be 30 kV/cm [5] , from the above simulations it can be determined that the field exceeds this level by a considerable margin; highlighting the need for a stress relief device on the high voltage end of the cross arm. Traditional composite string insulators manage the electric field at the end connection using axially symmetric grading rings. Due to the comparatively simple design, the grading rings for such string insulators tend to be toroidal [6] . Whilst a conventional grading ring can be used to protect the tip of the nose of the cross-arm, a similar approach for the nose cone is not trivial. Figure 7 shows one of the key issues in designing a grading ring for the cross arm. The highlighted circles show ideally how the grading rings would need to be arranged for effective stress relief. The complicated shape of the nose would require four separate grading rings, one for each of the arms extending from the nose, close enough to the triple junctions both on the outer area of the nose and also within the four extended arms of the nose.
Figure 7 End connection and four arm configuration of cross-arm nose
A novel grading ring capable of satisfying the above needs has been designed. Figure 8 shows the new grading ring. The novel 'butterfly' design allows the stress relief device to get close to the end connections. As part of the FEA analysis, the cross arm was once again put through electrostatic analysis, but this time with the 'butterfly' grading ring. The nose is once again energized at 320 kV peak. The emphasis in this analysis has been given to the end connectors, as the field needs to be reduced at these locations to ensure there is no ageing in service. Though there is a risk of corona at the tip of the nose, this is readily managed with a conventional circular grading ring. This has therefore not been included in this analysis, so as to reduce computational time and resources. Figure 9 and Figure 10 show the electric field distribution along the cross arm near the end fitting with the grading ring installed. In comparison to the results shown previously, with no stress relief device, the fields have significantly been reduced. In some locations fields are still higher than the corona inception voltage of 30 kV/cm, but these are now distributed along the extremities of the grading ring and not near the end connectors/triple junction where damage to the insulating medium is possible. From the simulations, it can be deduced that with this design to achieve corona inception, the nose would need to be energized to 204 kV peak.
III. HIGH VOLTAGE TESTING
FEA methods are very useful as design tools, but are not a replacement for high voltage testing. It is also difficult to interpret results obtained from FEA without benchmarking with high voltage testing. In order to verify the design of the grading ring and also verify the results obtained from the FEA results, the cross-arm was put through high voltage testing at National Grid High Voltage Lab. Figure 2 and Figure 11 show the set-up of the cross-arm on a custom built tower. The nose of the cross-arm, which is connected to the AC test set, is the area for corona analysis.
Conventional DSLR cameras and a UV camera were used to capture the corona activity on the nose end of the cross-arm. The cross arm was energized at higher voltages until visual corona was observed on the nose.
Figure 11 High voltage test set up of cross-arm with grading ring
The UV camera was initially set up underneath the cross-arm in order to view the effect of the grading ring on the end connection. The corona inception on the nose end was observed at approximately 390 kV. The corona was mainly visible at the tip of the nose and also around the circumference of the grading ring. The corona initialization at 390 kV was not visible to the naked eye and was only visible through the UV camera, and this can be seen in Figure 12 . The corona is visible to the naked eye from voltages over 440 kV. The phenomenon is then easily captured by conventional DSLR cameras. This is shown in Figure 13 . Corona emerging from the circumference of the grading ring can be explained due to a small radius of curvature around the circumference. These hot spots can be removed by manipulating the geometry of the circumference in improved design versions of the grading ring.
IV. CONCLUSIONS
Comparing the results of the FEA analysis and those obtained through conventional high voltage testing provide important design information.
The locations of electric field intensity as seen from the FEA results, matches those found during high voltage testing. In both cases, the edges of the new grading ring pose as locations of corona initiation. This confirms the role of FEA methods in the design of composite insulators and stress relief devices.
However, the magnitudes of electric field obtained from the FEA results are far greater than those obtained in the high voltage lab. According to the FEA results, the corona initiation on the grading ring should be at approximately 204 kV, where as the high voltage tests show that this value is nearer to 390 kV. This discrepancy is due to reasons of meshing and also the accuracy of the geometry in the FEA analysis. For the sake of the present analysis it can be confirmed that the values obtained from the FEA analysis are very conservative in comparison to those seen in real testing.
